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Abstract
Background: Cytoplasmic effects on agronomic traits -involving cytoplasmic and nuclear genomes of either
different species or different cultivars - are well documented in wheat but have seldom been demonstrated in rice
(Oryza sativa L.). To detect cytoplasmic effects, we introgressed the nuclear genomes of three indica cultivars -
Guichao 2, Jiangchengkugu, and Dianrui 449 - into the cytoplasms of six indica cultivars - Dijiaowujian, Shenglixian,
Zhuzhan, Nantehao, Aizizhan, and Peta. These 18 nuclear substitution lines were evaluated during the winter
season of 2005 in Sanya, Hainan, China, and during the summer season of 2006 in Kunming, Yunnan, China. The
effects of 6 cytoplasm sources, 3 nucleus sources, 2 locations and their interactions were estimated for plant
height, panicle length, panicle number per plant, spikelet number per panicle, grain weight, filled-grain ratio, and
yield per plot.
Results: For five of the seven traits, analysis of variance showed that there were no significant cytoplasmic effects
or interactions involving cytoplasmic effects. The effect of cytoplasm on 1000-grain weight was highly significant.
Mean 1000-grain weight over the two locations in four of the six cytoplasms clustered close to the overall mean,
whereas plants with Nantehao cytoplasm had a high, and those with Peta cytoplasm a low mean grain weight.
There was a highly significant three-way interaction affecting filled-grain ratio. At Sanya, cytoplasms varied in very
narrow ranges within nuclear backgrounds. Strong cytoplasmic effects were observed only at Kunming and in only
two of the three nuclear backgrounds; in the Jianchenkugu nuclear background, there was no evidence of strong
cytoplasmic effects at either location. In the Dianrui 449 and Guichao 2 nuclear background evaluated at Kunming,
filled-grain ratios of the six cytoplasms showed striking rank shifts
Conclusions: We detected cytoplasmic variation for two agronomically important traits in indica rice. The
cytoplasm source had a significant effect on grain weight across the two experimental locations. There was also a
significant cytoplasmic effect on filled-grain ratio, but only in two of three nuclear background and at one of the
two locations. The results extend our previous findings with japonica rice, suggesting that the selection of
appropriate cytoplasmic germplasm is broadly important in rice breeding, and that cytoplasmic effects on some
traits, such as filled-grain ratio, cannot be generalized; effects should be evaluated in the nuclear backgrounds of
interest and at multiple locations.
Background
Reductions in genetic diversity are of major concern to
breeders, geneticists, and the agricultural community in
general. In many crops, genetic improvement is usually
associated with reduced genetic diversity in the gene
pools used to develop the new cultivars, despite the fact
that genetic uniformity is believed to increase the
potential vulnerability of the crop to biotic and abiotic
stresses [1].
The genetic base of cultivars of rice is narrow because
of the long history of domestication and genetic
improvement. Pedigree analysis indicates that the
genetic diversity of indica irrigated rice in China
d e p e n d so nag e n e t i cc o r ed e r i v e df r o mt h ev a r i e t i e s
Aizizhan, Nantehao, Shenglixian, Peta, and Dijiaowujian
[2]. Between three and six sources of genetic material
per location have used by breeders of japonica rice
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any medium, provided the original work is properly cited.cultivars in China [2,3], Japan [4], Brazil [1], Senegal [5],
and the United States [6], with the cultivars Reimei and
Xinan 175 being used as source material at more than
one location.
The cytoplasmic genetic base of improved cultivars of
rice is also narrow. The WA (wild abortion) cytoplasm
makes rice plants male sterile, facilitating the production
of cultivars of hybrid rice [7], which explains why 90% of
Chinese cultivars of hybrid rice have WA cytoplasm [2].
The situation is similar for cultivars of indica rice: most
IR varieties–developed by the International Rice Research
Institute (IRRI)–trace to the same maternal parent, Cina,
implying that components of their cytoplasm are the
same [8]. Cina, which has same cytoplasm as the cultivar
Peta, is the ultimate maternal parent of 75% of the new
(post-IR8) varieties in Sri Lanka, 74% of those in Indone-
sia, 62% of those in Bangladesh, 60% of those in Korea,
50% of those in the Philippines and 25% of those in Thai-
land [9]. Eight out of 11 common irrigated varieties in
Latin America in the late 1980 s had Cina as a maternal
source [10]. Cytoplasms of Aizizhan, Nantehao, Shenglix-
ian, and Cina accounted for 66% of the cytoplasm for 529
indica cultivars developed between 1950 and 1984 in
southern China [11]. Among 40 diversified cytoplasm
resources, cultivar 63-83 was the cytoplasm donor to 60%
of upland rice varieties released by the Research Institute
for Tropical Agriculture and Food Crops (IRAT) in
China [5]. Four of the five main sources of nuclear
g e n e t i cm a t e r i a li nU . S .r i c ec u l t i v a r s– Rexoro, Caloro,
Colusa, and Blue Rose – were also used as core cyto-
plasm sources in the U.S. [12].
In wheat, another crop with a narrow germplasm base
narrowed by centuries of breeding, cytoplasmic effects
have been demonstrated using both alloplasmic sources
(from related species) [13,14] and euplasmic cytoplasm
(from other wheat cultivars)[ 1 5 - 1 7 ] .U s i n gr e c i p r o c a l
crossing, maternal effects have been reported for several
traits in rice, including low temperature tolerance [18],
grain weight [19,20], protein content [21,22], chalkiness
[23], milling quality traits [24], panicle number [25],
plant regeneration rates [26], hybrid vigor [27,28], and
crossability [29].
Research on direct effects of rice cytoplasm has mostly
been a quest for cytoplasmic male sterility (CMS) and
fertility restoration genes [8]. Compared to the amount
of research reported on nuclear effects, the cytoplasmic
effect on important agronomic traits in rice has been
only sparsely studied. The few reports on maternal
effects mentioned above used a reciprocal crossing
method. However, this method is not the optimal way
to dissect independent cytoplasmic effects because the
F1 progeny of reciprocal crosses inherit nuclear genetic
information from both parents. Therefore, in order to
isolate a purely cytoplasmic effect, additional crosses
using the same maternal lineage must be made [30].
After 10 backcrosses to the male parent of an F1 hybrid,
the proportion of progeny that are heterozygous at any
individual locus is 1 in 1024. In plants developed this
way, 99.9% of the nuclear alleles are expected to be
derived from the male parent used in the original cross,
while the cytoplamic DNA and approximately 0.1% of
the nuclear alleles are derived from the female parent
used in the original cross. Using recurrent backcrosses
to create nuclear substitution lines, we previously
reported a purely cytoplasmic effect on yield, width of
flag leaf, and low temperature tolerance in japonica rice
[31]. To estimate true cytoplasmic effects for indica rice,
18 BC10F2:3 lines were constructed by using 6 core par-
ents of indica rice as female parents crossed with 3
recurrent male parents. Herein we report the finding
that cytoplasm and its interaction with the nuclear gen-
ome and environment can affect grain weight and filled-
grain ratio in indica rice.
Results and Discussion
Cytoplasmic effects
Analysis of data from 18 lines representing all combina-
t i o n so f6c y t o p l a s m sa n d3n u c l e ia n dg r o w na tt w o
locations showed highly significant (P ≤ 0.001) nuclear
effects for all seven traits investigated (analyses of var-
iance not shown). The location effect was also highly sig-
nificant for panicle number per plant, spikelet number
per panicle, filled-grain ratio, panicle length, and plant
height, but not for 1,000-grain weight (grain weight) and
yield. These results indicate that the nuclear genome was
a major factor in expression of important agronomic
traits, while most traits were also affected by location.
Among the six core indica cytoplasms, there were sig-
nificant (P ≤ 0.01) genetic differences in 1,000-grain
weight (Table 1). Peta cytoplasm averaged across three
nuclear backgrounds was associated with a 1.6 g lower
Table 1 Analysis of variance for 1,000-grain weight and
filled-grain ratio
Source Degrees of
freedom
1,000-grain
weight
Filled-grain
ratio
F
value
Pr (> F) F
value
Pr (> F)
Replication 3 4.04 0.0092 2.90 0.038
Cytoplasm (C) 5 3.31 0.0081 0.76 0.58
Nucleus (N) 2 263.9 < 0.0001 22.8 < 0.0001
Environment (E) 1 0.23 0.63 13.9 0.0003
C*N 10 1.27 0.26 0.72 0.71
C*E 5 0.50 0.78 0.68 0.64
N*E 2 14.3 < 0.0001 4.77 0.01
C*N*E 10 1.9 0.052 4.03 0.0001
Error (mean square) 105 (2.05) (120.4)
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Page 2 of 61,000-grain weight than Nantehao cytoplasm averaged
across the same three nuclear backgrounds (Table 2).
Cytoplasms of Dijiaowujian,Z h u z h a n ,S h e n g l i x i a n ,a n d
Aizizhan averaged across these three nuclear back-
grounds exhibited 1,000-grain weights that were inter-
mediate between and significantly different from Peta (P
≤ 0.05) and Nantehao (P ≤ 0.01) (Table 2).
T h eh i g h l ys i g n i f i c a n te ffect of cytoplasm on grain
weight was consistent with the results of Chandraratna
in 1960 [14] and Somrith in 1979 [15], who used the
reciprocal crossing method to show that the cytoplasm
affects grain weight. Both the nuclear substitution
method (ours) and the reciprocal crossing method
(Chandraratna’sa n dS o m r i t h ’s) showed that cytoplasm
or cytoplasm-nucleus interactions affected grain weight,
which is a major component of yield and grain quality
in rice production.
In our experiment, the location effect alone was non-sig-
nificant for 1,000-grain weight, but there was a highly sig-
nificant (P ≤ 0.001) effect due to interaction between
location and nuclear effects (Table 1). These results–
showing that the change of grain weight in rice was mainly
dependent on the effect of both cytoplasm and nucleus,
while the location exerted an effect via interaction with
the nucleus–were consistent with the conclusions of Pham
[32]. This strongly suggests that in future rice breeding,
genetic studies, and germplasm resources research, the
role of cytoplasm should receive more attention.
There was a highly significant three-way interaction
affecting filled-grain ratio (Table 1). Cytoplasm-nucleus
interactions were significant at both locations, but the
main effect of cytoplasm was significant only at Kunm-
ing (Table 3). That led us to dissect further the effect of
cytoplasm and its interaction with the nucleus and
location.
Effects of cytoplasm and interaction with nucleus and
location
Despite the significance of cytoplasmic-nuclear interac-
tion for filled-grain ratio at Sanya, cytoplasms varied in
very narrow ranges in each of the three nuclear
backgrounds (in Figure 1, the grey, left-hand bar in each
pair). Strong cytoplasmic effects were observed only at
Kunming, but in only two of the three nuclear back-
grounds: Dianrui 449 and Guichao 2 (in Figure 1, the
black, right-hand bar in each pair); in the Jianchenkugu
nuclear background, there was no evidence of strong
cytoplasmic effects at either location.
At Kunming, filled-grain ratios associated with the six
cytoplasms showed striking rank shifts in Dianrui 449
and Guichao 2 nuclear backgrounds (Figure 1, top and
bottom). The mean for lines with Peta cytoplasm, for
example, was in the lowest group of lines with the Gui-
chao 2 nuclear genome, but Peta cytoplasm exhibited
the highest filled-grain ratio. Lines with Shenglixian
cytoplasm showed the opposite pattern to that of Peta,
being in the top group in the Guichao 2 nuclear back-
ground while ranking lowest in the Dianrui 449
background.
The cytoplasmic-nuclear interaction based both loca-
tions for the rest traits, which were plant height (cm),
panicle length(cm), panicle number per plant, spikelet
number per panicle, 1,000-grain weight (g) and yield per
plot (kg), shown in Additional Files 1, 2, 3, 4, 5, 6 and 7.
Implications for rice breeding
Cytoplasmic variation represents a largely unexplored
g e n e t i cr e s o u r c ef o rindica rice breeding programs, and
exploitation of all available genetic resources is seen as
necessary for avoiding a future cereal “yield plateau” [33].
Increased grain weight is one way to increase sink
strength, which itself is a means of increasing cereal yield
potential [34]. Although the nuclear effect for grain weight
was larger than the cytoplasmic effect in this study (Table
1), nuclear genetic variation for grain weight is small com-
pared with that for other agronomic traits [35]. The six
core cytoplasms of indica rice were evaluated in this
study. Evaluation of germplasm collections may reveal that
other cytoplasmic sources not studied herein are superior
for increasing indica rice grain weight.
Rice breeders are already interested in diversifying the
cytoplasmic base of cultivar development programs to
Table 2 Mean 1,000-grain weights for six cytoplasms
averaged across three nuclear backgrounds of indica rice
Cytoplasm 1,000-grain weight (g) Significance tests
a
P = 0.05 P = 0.01
Nantehao 25.6 a A
Dijiawujian 24.9 ab AB
Zhuzhan 24.8 abc AB
Shenglixian 24.7 abc AB
Aizizhan 24.5 bc AB
Peta 24.0 c B
a Values followed by the same letter are not significantly different. Lower-case
letters indicate significant differences at P = 0.05, upper-case at 0.01
Table 3 Analyses of variance for filled-grain ratio at two
locations
Source Degrees of
freedom
Kunming Sanya
F
value
Pr (> F) F
value
Pr (> F)
Replication 3 1.25 0.30 3.45 0.23
Cytoplasm (C) 5 3.00 0.02 0.25 0.93
Nucleus (N) 2 51.38 < 0.0001 7.18 0.0018
C*N 10 2.77 0.0082 2.59 0.0128
Error (mean square) 105 (21.9) (80.2)
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Page 3 of 6reduce the chance of disease epidemics. The vulnerabil-
ity of cytoplasmic uniformity was illustrated in the clas-
sic case of Southern corn leaf blight caused by
Helminthosporium maydis. An epidemic of the blight in
1970 devastated the U.S. maize crop because a disease-
susceptible cytoplasm had been widely used in the
development of male-sterile. Rice is similarly vulnerable,
as demonstrated by the fact that WA cytoplasm affects
the expression of bacterial blight reaction significantly
[36] and is more seriously infected by blast isolate 90-2
than are its maintainers [37]. The discovery that cyto-
plasmic diversity affects other agronomic traits (both
positively and negatively) makes it essential that cyto-
plasms being evaluated for disease resistance and CMS
also be carefully evaluated for effects on other traits
such as grain weight and filled-grain ratio.
The significant interaction effects we found between
cytoplasm and nucleus and/or location have important
implications for breeding programs. If elite nuclei are
substituted into different cytoplasms to utilize
cytoplasmic genes for CMS, disease resistance or agro-
nomic traits, the resulting alloplasmic lines must be
thoroughly tested in all nuclear-cytoplasmic combina-
tions at all target locations even if the original elite lines
were locally adapted. On the other hand, perhaps cyto-
plasmic substitution could be a useful method for gener-
ating location-specific cultivars from elite lines without
disrupting favorable combinations of nuclear genes,
including transgenes.
Conclusions
Compared with nuclear genes, cytoplasmic genes played
a modest but statistically significant role in determining
grain weight and filled-grain ratio of indica rice lines.
The cytoplasmic effect for grain weight was significant
across locations but the effect on filled-grain ratio was
significant only as an interaction with location or as an
interaction with nuclei at one location. These results
suggest that useful genetic variation for agronomic traits
m a yb ep r e s e n ti nt h eindica cytoplasmic gene pool.
Figure 1 Mean filled-grain ratios for six cytoplasms in three nuclear backgrounds at two locations. The left, grey bar in each pair
represents the mean in Sanya: the right, black bar represents Kunming. Within each location-nuclear background combination, mean bars
labeled with different letters are significantly different at the P = 0.05 level.
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cytoplasm source with nucleus source and location for
one trait in this study suggests that breeders should
beware of assuming that a particular cytoplasm will be
equally adaptive in all locations or that nuclei and cyto-
plasms can be substituted freely without extensive test-
ing in each location. On the other hand, nuclei with
elite combinations of genes for yield, grain quality or
other traits could be substituted into a number of dis-
tinct cytoplasms in the hopes of finding combinations
better adapted for particular locations than the original
nucleus donor cultivar.
Methods
Materials
Six major cultivars of indica rice – Dijiaowujian, Shen-
glixian, Zhuzhan, Nantehao, Aizizhan, and Peta – were
used as female parents in crosses with 3 other indica
rice cultivars: Guichao 2, Jiangchengkugu, and Dianrui
449. The latter 3 cultivars were used as recurrent par-
ents in 10 backcrosses to form BC10F1 nuclear substitu-
tion lines, which were then selfed to produce the BC10F2
generation. Plants from this generation were selfed and
the seeds were bulked for planting four replicates at two
locations.
Experiment
Eighteen nuclear substitution lines of BC10F2:3 and their
parents were sown on 5 November, and transplanted on
26 November, 2005, in Sanya, Hainan (November-April)
for agronomic evaluation in the winter cropping season
at a tropical location. Parental cytoplasm-nucleus com-
binations were excluded, in order to maintain a factorial
design of six cytoplasmic genomes by three nuclear gen-
omes. The traits measured were yield per plot (kg),
1,000-grain weight (g), panicle number per plant, spike-
let number per panicle, filled-grain ratio (%), panicle
length (cm), and plant height (cm). Plot size was 1.5 m
× 2.5 m. Plant spacing was 15 cm between plants within
a row and 25 cm between rows. The design was a ran-
domized complete block with four replicates. The
experiment was repeated at the Yunnan Academy of
Agricultural Sciences, Kunming, from March to Septem-
ber 2006 for agronomic evaludation at a subtropical
location. Cultural and management practices, including
fertilizer applied (15 kg ha
-1 of N, P, and K), were simi-
lar for both experiments at Sanya and Kunming.
Statistical analysis
Analysis of variance of the 6 × 3 factorial genetic design
was used in order to determine in a single comprehen-
sive analysis which among the seven traits were influ-
enced by differences in the cytoplasmic genome and
whether those effects depended on the nuclear back-
ground, the environment, or both. That preliminary
information allowed us then to examine in more detail
the differences and rankings of individual cytoplasms
where significant differences occurred. Except for yield
per plot, all data were from observations on 10 indivi-
duals selected randomly from each plot, and the plot
mean was used in the analysis of variance. Fixed model
analyses using type III sums of squares in SAS PROC
GLM [38] were used to detect effects of nucleus, cyto-
plasm, and interaction between cytoplasm, nucleus, and
location. For filled-grain ratio, arscin transformation of
the ratio was performed before the analysis. If the three-
way interactional effect among cytoplasm, nucleus, and
location was significant for traits investigated, the least-
squares means (LS-means) of fixed effects was employed
to analyze the cytoplasmic effects within each location
and nucleus. Duncan’s multiple range test was used for
multiple comparisons of the effect of cytoplasm and
cytoplasm interaction with nucleus and location.
Additional material
Additional file 1: Agronomic-trait data on which Figure 1 and
Additional Figures 1 through 6 are based. Means for seven traits
expressed by backcross lines representing all combinations of three
nuclear and six cytoplasmic genomes at two locations with four
replications at each location.
Additional file 2: Mean plant height of 18 nuclear-cytoplasm
combinations in indica rice. Means and standard errors for plant height
recorded at two locations, Sanya and Kunming, China, from 18 backcross
lines of indica rice representing all combinations of three nuclear and six
cytoplasmic genomes.
Additional file 3: Mean panicle length of 18 nuclear-cytoplasm
combinations in indica rice. Means and standard errors for panicle
length recorded at two locations, Sanya and Kunming, China, from 18
backcross lines of indica rice representing all combinations of three
nuclear and six cytoplasmic genomes.
Additional file 4: Mean number of panicles per plant of 18 nuclear-
cytoplasm combinations in indica rice. Means and standard errors for
number of panicles per plant recorded at two locations, Sanya and
Kunming, China, from 18 backcross lines of indica rice representing all
combinations of three nuclear and six cytoplasmic genomes.
Additional file 5: Mean number of spikelets per panicle of 18
nuclear-cytoplasm combinations in indica rice. Means and standard
errors for number of spikelets per panicle recorded at two locations,
Sanya and Kunming, China, from 18 backcross lines of indica rice
representing all combinations of three nuclear and six cytoplasmic
genomes.
Additional file 6: Mean 1000-grain weight of 18 nuclear-cytoplasm
combinations in indica rice. Means and standard errors for 1000-grain
weight recorded at two locations, Sanya and Kunming, China, from 18
backcross lines of indica rice representing all combinations of three
nuclear and six cytoplasmic genomes.
Additional file 7: Mean yield per plot of 18 nuclear-cytoplasm
combinations in indica rice. Means and standard errors for yield per
plot recorded at two locations, Sanya and Kunming, China, from 18
backcross lines of indica rice representing all combinations of three
nuclear and six cytoplasmic genomes.
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